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Abstract. We highlight the progress in our understanding of how neutrinos change their
flavor in astrophysical environments, in particular effects from the neutrino self-interaction.
We emphasize extended descriptions of neutrino propagation in massive stars that are beyond
the current one based on the mean-field approximation. The extended equations include,
in particular, corrections from (anti)neutrino-(anti)neutrino pairing correlations and from the
neutrino mass. We underline open issues and challenges.
1. Introduction
1.1. Core-collapse supernova neutrinos and SN1987A
Supernovae (SNe) type II and Ib/c are massive stars that undergo gravitational collapse of their
cores. Type II exhibits H lines in their spectra, type Ib has He and Si lines. SNe Ic show none of
these indicating that before collapse the star has lost both the H envelope and He shell. The fate
of a massive star is mainly determined by the initial mass, composition and the history of its
mass loss. The explosion produces either a neutron star or a black hole, directly or by fallback.
It was early realized that a gravitational binding energy of the order of E ≈ GM2NS/RNS > 10
53
erg associated with the core collapse to a neutron star (NS) would be released as neutrino
emission which would eventually play a role in the ejection of the stellar mantle [1]. Initial
stellar masses range from 8 to 300 Msun, Msun being the Sun’s mass. Stars with lower masses
develop an O-Ne-Mg core, while those with masses larger than about 9-10 Msun reach an iron
core. Collapsars collapse to a black hole with an accretion disk. Low energy neutrinos are also
emitted from this disk or in binary neutron star mergers.
On 23 February 1987 Sk -69◦202 exploded producing SN1987A, the first naked-eye supernova
since Kepler’s one in 1604. It was located in the Large Magellanic Cloud, a satellite galaxy of
the Milky Way. The determined distance is 50 kpc from the Earth based on the expanding
photosphere method. From the observed light-curve and simulations it appears that the core
mass of SN1987A progenitor was around 6 Msun, the total mass ≈ 18 Msun and the progenitor
radius about 1012 cm. SN1987A is unique : observed in all wavelengths from gamma rays to
radio, and for the first time, in neutrinos from the collapse of the stellar core. These neutrinos
were first discovered by Kamiokande II (16 events) [2], then by IMB (8 events) [3] and Baksan
(5 events) [4]. Several hours before, 5 events (often discarded in the analysis of SN1987A data)
were seen in LSD detector [5]. The earliest observations of optical brightening were recorded 3
hours after neutrino’s arrival. There is currently no sign of its remnant like a bright pulsar as
the one from the supernova in the Crab nebula in 1054.
The basic features of core-collapse supernova predictions are confirmed by SN1987A events
both concerning the neutrino fluence (time-integrated flux) and on their spectra. A comparative
analysis of the events gives as a best fit point E = 5×1052 ergs for the total gravitational energy
radiated in electron anti-neutrinos and T = 4 MeV for their temperature [6]. According to
expectations, 99 % of the gravitational binding energy should be converted in νe, νµ, ντ neutrinos
(and anti-neutrinos) in the several tens of MeV energy range. Assuming energy equipartition
among the flavors one gets about 3 × 1053 ergs. On the other hand the average electron anti-
neutrino energy is 12 MeV at the best fit point if the neutrino spectra are to a fairly good
approximation thermal. The emission time found is 15 s [6]. Importantly SN1987A events have
favored the ”delayed” over the ”prompt explosion mechanism” [7].
Various mechanisms for the SN blast are investigated, including a thermonuclear, a
bounce-shock, a neutrino-heating, a magnetohydrodynamic, an acoustic and a phase-transition
mechanisms (see e.g.[8]). Since the kinetic energy in SN events goes from 1050−51 ergs for
SNe up to several 1052 ergs for hyper-novae, the explosion driving mechanism have to comply,
among others, with providing such energies. The neutrino-heating mechanism with non-radial
hydrodynamical instabilities (convective overturn with SASI) appear to be a good candidate
to drive iron-core collapse supernova explosions; while the more energetic hypernovae events
could be driven by the magnetohydrodynamical mechanism. Note that a new neutrino-
hydrodynamical instability termed LESA (Lepton-number Emission Self-sustained Asymmetry)
has been identified [9]. Successful explosions for two-dimensional (2D) simulations with realistic
neutrino transport have been obtained. Simulations based on 3D are giving first results (see e.g.
[10]).
The SuperNova Early Warning System (SNEWS) and numerous other neutrino detectors
around the world can serve as supernova neutrino observatories if a supernova blows up
in the Milky Way, or outside our galaxy. In particular, neutrinos would help locating the
supernova, even if not visible, thanks to the directionality of neutrino-electron scattering, or
using inverse-beta decay in running and future scintillator detectors [11]. Large scale detectors
based on different technologies including liquid argon, water Cherenkov and scintillator are
on the way, in particular JUNO [12] and hopefully Hyper-K. These and the EGADS project
(Super-Kamiokande with addition of Gadolinium) have the potential to detect neutrinos from an
(extra)galactic explosion and observe the diffuse supernova neutrino background from supernova
explosions up to cosmological redshift of about 2.
2. Self-interaction effects in massive stars
The intrinsic many-body nature of the neutrino evolution in presence of neutrino-neutrino
interactions was already emphasised in [13] where it was first pointed out that such interactions
introduce a non-linear refractive index. In the last decade the study of neutrino self-interaction
effects with mean-field equations has revealed a rich phenomenology of neutrino flavour
conversion phenomena in dense media. Most studies are realised in a core-collapse supernova
”set-up”, while ”collapsars” or neutron star-neutron star mergers also show interesting features
at variance with the supernova case [14]. In the ”bulb model” flavour evolution occurs because
of the bipolar instability, due to the divergence of the matter phase [15]. Flavour conversion
goes beyond the Mikheev-Smirnov-Wolfenstein effect [16, 17], encompassing e.g. magnetic
resonance phenomena such as the spectral split [18]. For supernovae several schematic models
have nowadays been investigated (sometimes using a linearisation of the equations of motion).
Different kind of instabilities are found in a range of parameters’ values (see e.g. [19]). In
particular, a recent calculation for an inhomogeneous medium and including explicitly time
presents flavour changes in a region of neutrino and matter densities similar to those behind
shocks in a supernova [20]. Moreover studies show that neutrino flavour conversion impacts
nucleosynthetic abundances in supernovae, collapsars and neutron star mergers. Further work
is needed to definitely assess the role of flavour conversion in these contexts and for future
observations. The effects of increasing dimensionality in the problem is an important open issue
that is being investigated. A key question is also the potential role of corrections beyond the
mean-field since current investigations are based on the mean-field approximation. In order to
address this issue extended descriptions have been obtained.
3. Extended mean-field description of neutrino propagation : pairing correlators
and mass contributions
In the past two decades different theoretical approaches have been employed to derive neutrino
equations of motion in astrophysical environments. They can be classified as : i) mean-field
and extended mean-field equations ; ii) Boltzmann equations (see [21] for a review). Note, that
the Boltzmann equations used for the neutrino transport in core-collapse supernova simulations
do not include the mixings and mean-field terms important for flavour evolution. In the most
general mean-field equations, two-point correlation functions naturally arise that are associated
with: i) non-zero neutrino masses [22, 23] or neutrino magnetic moments [24, 25, 26]; ii) neutrino-
antineutrino pairing correlations [27, 33, 23].
A compact and simple quantum field theory derivation is given in Ref.[23] including both
corrections from the mass and from pairing correlators. This work furnishes the most general
mean-field equations for a massive Dirac or Majorana neutrino propagating in an inhomogeneous
medium. One starts with all possible two-point correlators1 : normal densities ρ~p′,h′,~p,h =
〈a†~p,ha~p′,h′〉 for ν, and ρ¯~p′,h′,~p,h = 〈b
†
~p′,h′b~p,h〉 for ν¯; the abnormal densities κ~p′,h′,~p,h = 〈b
†
~p,ha~p′,h′〉
and κ† (~p, h are momentum and helicity). Then the Ehrenfest theorem is applied with the most
general mean-field Hamiltonian. In the Majorana case lepton-number violating κ correlators
are considered. The structure of the equations is given without need to specify the kernel that
depends on the particles composing the medium and their interactions with the propagating
neutrino. The results can be cast in matrix form:
iR˙(t) = [H(t),R(t)] , (1)
where the generalised Hamiltonian is
H(t) =
(
Γνν(t) Γνν¯(t)
Γν¯ν(t) Γν¯ν¯(t)
)
,R(t) =
(
ρ(t) κ(t)
κ†(t) 1− ρ¯(t)
)
, (2)
with Γνν and Γν¯ν¯ being the mean-field for neutrinos and antineutrinos respectively. The off-
diagonal mean-field Γνν¯ introduces a coupling between neutrino and anti-neutrino sectors.
Obviously, in absence of mass contributions and pairing correlators Eq.(1) reduces to the
Liouville von-Neumann equation, i.e. iρ˙(t) = [h, ρ] (and similarly for anti-neutrinos)2, for the
one-body density matrix ρ, in agreement with previous results (see e.g. Ref.[29]).
In presence of mass contributions only (κ, κ† = 0), H(t) has a helicity structure with 2N×
2N elements, N being the number of neutrino families. For the Dirac case this gives for the
neutrino sector
Γνν(t, ~q )→
(
Γνν−−(t, ~q ) Γ
νν
−+(t, ~q )
Γνν+−(t, ~q ) Γ
νν
++(t, ~q )
)
≡
(
H(t, ~q ) Φ(t, ~q )
Φ†(t, ~q ) H˜(t, ~q )
)
(3)
1 The creation and annihilation operators a, a† for neutrino and b, b† for antineutrinos satisfy the canonical anti
commutation rules.
2 The mean-field h usually receives contributions from the mixings, the matter and the neutrino self-interaction
(details can be found e.g. in [23, 27]).
and a similar structure for the antineutrino mean-field Γν¯ν¯ . The neutrino density matrix is
ρ(t, ~q )→
(
ρ−−(t, ~q ) ρ−+(t, ~q )
ρ+−(t, ~q ) ρ++(t, ~q )
)
, (4)
and similarly for ρ¯. The mass corrections contribute with, in particular, diagonal mean-field
terms and the off-diagonal one Φ(t, ~q ) = eiφq ǫˆ∗q · ~V (t)
m
2q
, that are suppressed as expected by
m/2q with m being the neutrino mass, ǫˆ∗q is a unit vector pointing to a direction perpendicular
to the neutrino motion. ~V (t) is the vector component of the mean-field that depends on neutrino
and matter anisotropic contributions. To be non-zero Φ(t, ~q ), termed spin or helicity coherence,
requires anisotropy of the medium and couples the neutrino and anti-neutrino sectors in the
Majorana case, as pointed out in [22], or active with sterile components in the Dirac case [23].
For the neutrino mass corrections, the study of a one-flavour model finds the conditions for a
MSW-like resonance and a non-linear feedback (under appropriate parameter choices) producing
significant neutrino-antineutrino conversion [30].
Possible contributions from κ, κ† have been discarded so far on the basis that they oscillate
very fast around zero (see e.g.[29]). In presence of pairing correlators the equations of motions
are given by Eqs.(1-2) where mean-field Γνν ,Γνν¯ ,Γν¯ν¯(t) terms are derived in Ref.[23]. Using
the Born-Bogoliubov-Green-Kirkwood-Yvon hierarchy, Ref.[27] has provided for the first time
extended mean-field evolution equations including contributions from neutrino-antineutrino
pairing correlations. Such correlations are two-body corrections to the commonly used one-body
density matrix description. For homogeneous media, the off-diagonal term Γνν¯ Eq.(2) requires
medium anisotropy for the pairing correlators to contribute. Furthermore the homogeneity
condition for the background implies3, in particular, that κ and κ† involve opposite momenta
(~p, ~p′) = (~p,−~p). This condition is relaxed in inhomogenous media and momenta ~p+ ~p′ 6= 0 are
correlated.
Equations derived in Refs.[23, 27] show the presence of a source term implying that the
usual argument to discard contributions from pairing correlators might not necessarily hold. In
particular, such a term is sourced by the neutrino densities ρ and ρ¯ [23].4 Therefore a non-zero
κ can develop in time even if it is zero initially. An ansatz on the size of the pairing correlations
consists in assuming that at initial time the system is found in an eigenstate of the extend
Hamiltonian with pairing correlations. A linearised analysis5 can be performed then around
such an initial condition. This analysis can be done by introducing a generalised Bogoliubov-
Valatin transformation and by going to a quasi-particle picture as shown in [33], and exploited
in [32]. However one should keep in mind that neutrino-neutrino, antineutrino-antineutrino
or neutrino-antineutrino pairing correlations could be build up dynamically through, e.g. the
collision term, as found in the context of leptogenesis and baryogenesis scenarios [28].
Contributions beyond the mean-field can play a role in the transition region between the
high matter density opaque to neutrinos and the dilute regime where mean-field applies. This
transition region is close to the neutrino-sphere, behind the shock and potentially important
for the explosion dynamics. Obviously contributions both from pairing correlators and mass
contributions are expected to be small. However an amplification of their effects can occur due
to the non-linearity of the evolution equations. As for the role of collisions, Ref.[31] has shown
that a few collisions outside the neutrino-sphere can significantly influence flavour evolution.
3 As known, in the mean-field approximation for homogeneous environments the momentum of the propagating
neutrinos is not changed.
4 The source term creates particle-antiparticle pairs. The effects of the created pairs do not introduce divergences
because of the natural cutoff furnished by the scale of anisotropies and inhomogeneities in the system.
5 Note that the linearised analysis corresponds to a small amplitude approximation and does not catch instabilities
that arise in the large amplitude motion.
Realistic calculations of the Boltzmann equation for particles with mixings, provided e.g. [29, 22]
are required to assess the competition among collisions, flavour and the macroscopic evolution
of the exploding star. Such calculations represent one of the main challenges for the future.
The impact of pairing correlators on the neutrino evolution has not been determined yet. In
Ref.[32]6 a simple estimate for an homogeneous background is provided to determine if a MSW-
like resonance condition is met. This requires the off-diagonal term in the neutrino Hamiltonian
to be of the same size as the difference of the diagonal terms which are of the order of twice the
neutrino kinetic term.7 However, one needs to ascertain if non-linear effects can take place that
are of a different nature than the MSW effect. In inhomogeneous backgrounds the situation
might be different since pairing correlators do not involve particles with back-to-back momenta
[27, 23]. Finally the results of Ref.[20] show that large scale instabilities can be triggered by
very small fluctuations. These fluctuations could be provided by pairing correlations. Maybe the
numerical findings in Ref.[20] represent a first clue of the potential role of pairing correlations
introduced in [27]. Clearly, we still need to address intriguing and challenging questions to
achieve a solid and in-depth understanding of neutrino flavour evolution and its implication in
astrophysical environments.
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